Abstract A way to lower the manufacturing cost of Cu(In,Ga)Se 2 (CIGS) thin-film solar cells is to use flexible polymer substrates instead of rigid glass. Because such substrates require lower temperature during absorber deposition, the grain growth of the absorber layer can be hindered which leads to a lower cell performance. Partial compensation of this efficiency loss might be accomplished by growing the absorber in the presence of Sb, which is reported to promote grain growth. In this work CIGS solar cells, deposited on glass substrates, at reduced substrate temperature with a thin Sb layer measurements and with scanning electron microscopy, respectively. Electric spectroscopy is used to explore the possible effects on the defect structure, more in particular on the dominant shallow acceptor. Admittance spectra exhibit a capacitance step to the geometric capacitance plateau at low temperature (5-60 K). Analyzing this capacitance step, we obtained a good estimate of the activation energy of the intrinsic defects that provide the p-type conductivity of the CIGS absorber. The measurements did not show a change in the nature of the dominant acceptor upon Sb treatment.
Introduction
Chalcopyrite Cu(In,Ga)Se 2 (CIGS) is among the most promising absorber materials for thin-film solar cells because of its direct and tunable energy band gap, high optical absorption coefficient in the visible to near-IR spectral range and high tolerance to defects and impurities. In order to reduce the large scale manufacturing costs and to enable affordable solar electricity, a roll-to-roll setup which produces flexible solar cells has great potential. Moreover flexible solar modules on polyimide have the potential to serve specialized consumer markets, like lightweight mobile device chargers (ideal for space applications) or for building-integrated photovoltaic systems. Record efficiencies of CIGS cells, both on glass (21.7% [1] ) and on flexible substrates (20.4% [2] ), already exceed 20%.
It was generally believed that high growth temperatures of about 600 • C are a prerequisite for reaching high efficiency CIGS devices. As the maximum applicable temperature for polyimide foils is restricted to below For scanning electron microscopy measurements (SEM) a FEI Quanta 200F FEG-SEM was used. Depth profiling data were obtained with Plasma Profiling Time of Flight Mass Spectrometry (PP-TOFMS, Horiba Scientific). PP-TOFMS is, like SIMS (secondary ion mass spectrometry), a depth profiling technique based on material erosion and dynamic measurement of sputtered species. In PP-TOFMS a plasma source is coupled with a time of flight mass analyzer [17] [18] [19] . The intensity and energy of the commonly used Argon ions and fast neutrals causing material sputtering is much higher in PP-TOFMS compared to SIMS, leading to much faster analysis. Furthermore, in PP-TOFMS the sputtering and ionization processes in the discharge volume are two separate processes. As a result, PP-TOFMS is semi-quantitative for most inorganic materials. In SIMS only the ionized particles coming off from the material are collected and measured. As the distance between the Al/Ni grid and the Mo stripes is smaller than the size of the crater diameter (4 mm), samples were etched in 10% HCl prior to depth profiling in order to remove metal grid and front contact. (Fig. 1 ). This provides an explanation for the increase in J sc for these cells (table 1) and could be related to larger grain size (see further in Section 3.2.1). No obvious shift of the onset of absorption is observed for cells with and without Sb layer. This is in accordance with reference [3] . References [6] and [9] on the other hand demonstrate a band gap decrease of CuInS 2 with increasing Sb doping. A linear
gives an estimate of the band gap at room temperature, which is around 1.14  0.07 eV for all cells. Fig. 2) show that grain size in samples with Sb layer is clearly larger than in the sample without Sb layer. Despite low substrate temperature during deposition, a large grain size can thus still be obtained by including Sb. Increased CIGS grain size with increasing Sb precursor layer thickness is in agreement with different reports [3] [4] [5] [6] [7] [8] . The increased grain size and associated reduced grain boundary recombination might explain the improvement of the solar cell efficiency (due to larger J sc ) as shown in table 1 .
Absorber properties 3.2.1 Morphology SEM images (
For all cells, the thickness of the absorber layers is around 2.1-2.2 µm. 
Depth-dependent chemical composition Element depth profiles of Cu, In, Ga and Se of samples without
(Sb0) and with (Sb12) Sb layer do not reveal large qualitative differences between these two cells.
Nevertheless, for sample Sb12 the measurement reveals a clear diffusion profile of Sb, whereas for Sb0 the antimony signal remained below the detection limit. In order to illustrate this, the Ga and Sb profiles for the two cells, applying the same scaling procedure, are shown in Fig. 3 . From these measurements it becomes clear that indiffusion of Sb into the absorber layer is rather limited and most of the Sb remains in the layer on the Mo back contact. Nonetheless, a slight increase of the Sb concentration near the CIGS surface is also observed. Such concentration profile indicates that Sb has diffused through the CIGS absorber layer and hence may be compatible with the possibility of Sb enhancing the CIGS grain growth. 
Electronic defect characterization: Admittance spectroscopy
Admittance measurements performed in the temperature range from 5-250 K at a reverse bias of -0.3 V on Sb0
and Sb7 are presented in figures 4a and 5a, respectively. signal that exhibits characteristics typical for a non-Ohmic contact, rather than for defects [20, 21] . We will not further discuss the assignment of this admittance step here, for which various interpretations have been suggested in literature [15, [22] [23] [24] [25] . We will concentrate our attention on the step at lowest temperatures, here, though.
At the lowest temperatures (<100 K) and frequencies exceeding the dielectric carrier response frequency (ω D = /( ε 0 ε ) ,  being the conductivity, ε r the relative permittivity and ε 0 the vacuum permittivity) the whole semiconductor behaves as a dielectric. The capacitance measured at such frequencies is the geometric capacitance C geo = ε 0 ε r A/d, with d the thickness of the absorber and A the area of the cell [26, 27] . The step due to dielectric freeze-out is visible in C-f (figures 5a and 6a) and C-T spectra (figures 5b and 6b) for high frequencies (≈ 0.1-1 MHz) around 50 K. The dielectric freeze-out step can be distinguished from the other capacitance steps by its independence of applied bias on the high-frequency side of the step [26] . This independence is shown in figures 4c and 5c which present C-f spectra at 60 K for different bias.
For sample Sb0 and Sb7 a geometric capacitance C geo of 2.25 10 -11 F and 1.85 10 -11 F, respectively, is reached (indicated in figures 4a and 5a) for a sample area of around 0.6 mm 2 . If one calculates the thickness of the film (using ε r = 10 [28] ) values of 2.3 µm (Sb0) and 2.8 µm (Sb7) are derived, which are in quite good agreement with film thickness observed in SEM measurements (Fig. 2) .
Using a circuit model [29] of a depletion region (W depletion region width) in series with the undepleted quasineutral region (thickness d-W) (additional series resistance is ignored), the characteristic frequency ( 0 ) at which the capacitance exhibits a step due to dielectric relaxation of the absorber is calculated as As the conductivity can be expressed in terms of the product qp h , where q, p and  h are the elementary charge, the free hole density and mobility, respectively, the characteristic frequency, and hence freeze-out exhibits thermal activation due to combined contributions from mobility and carrier concentration. Following equation
for the characteristic frequency is obtained [30] .
Here k is the Boltzmann constant, T is the absolute temperature, N v the effective density of states in the valence band and E a the energy distance between the shallow acceptor defect level (on which carrier freeze out occurs) and the valence band. From equation (1) it follows that the activation energy E a of the intrinsic and perhaps extra Sb-doping-related shallow acceptor defects can be measured in the step at lowest temperatures which [31]), we then estimate the error at 5 meV. The calculated activation energy is similar for both samples and around 25±5 meV. This value should yield a good 
